Introduction
Currently the composite manufacturing in the construction and automotive sectors rely on engineering plastics and/or glass fiber reinforced composite materials that are nonsustainable and difficult to recycle. The most promising alternatives are bio-based materials such as wood plastic composites (WPCs) and natural fiber composites (NFCs) [1] . Compared to other fibrous materials, plant fibers are more suitable to reinforce plastics due to their relatively high strength and stiffness, low density, low CO2 emission and biodegradability. Forecast for 2020 by Nova Institute GmbH for ecology and innovation predicts a continuous production growth of these biocomposites [2] .
In contrast to more commonly used glass fibers, wood fibers are characterized by variable sizes and anisotropic properties. Short fiber length in the final composite (typically 0.2 mm -0.8 mm) often limits the strength of the material. Both earlier and current experimental research activities on biocomposites include development of fiber treatments and improvement of the fiber properties such as aspect ratio and fiber length. A relevant issue is that WPCs and NFCs absorb water into the naturally hydrophilic wood fibers embedded in the matrix. Variations of moisture content cause hygroexpansion and can produce moisture-induced creep in the final products. Poor bond of the fibers with the hydrophobic matrix induces moisture influence in these biocomposites with consequent strength reduction. In this context, deep understanding of microscale phenomena in biocomposites is crucial for the assessment of material properties. The experimental and computational research on the microstructure of biobased composites started to gain special interest in the last few years along with the development of multiscale modelling of materials [3, 4] . In particular, image-based modelling has been introduced as a powerful tool to couple advanced experimental techniques (SEM, X-ray micro-tomography, etc.) with numerical simulations. The basic idea of this approach is to use the actual microstructure of heterogeneous materials, obtained by utilizing a suitable 2D or 3D imaging modality, as the geometric input for the models to assess, e.g., mechanical or transport properties of the material [5] .
The present paper proposes a microscale modelling approach coupled with X-ray computed micro-tomography suitable for the evaluation of the material properties of polylactic acid (PLA) reinforced by birch pulp fibers under the effect of moisture.
Water absorption and tensile tests of PLA composites Dog-bone specimens ( Figure 1a) were prepared by using polylactic acid Natureworks Ingeo 3001D polymer with MFI 22 and birch pulp fibers provided by Metsä Fibre. Matrix and fibers were compounded with a twin-screw compounder and injection molded to the dog bone shaped tensile test specimen containing 40% fibers by weight according to ISO 527. Macroscale water absorption tests were carried out to measure the different levels of moisture uptake reached in the samples after 1 day, 7 days and 28 days immersion. At this end, a large sample for water absorption (2 cm × 2 cm) was cut from the head of dog bone specimen (flange) to minimize the measurement error and the amount of cut edges. To consider only the water diffusion along z-direction, the lateral sides of the large sample, including cut surfaces, were protected by a foil. Measurement of water absorption was done according to ISO 62 standard from soaked samples (water at 23 °C) starting from oven dried samples (50 °C, min 24 h). The moisture content was evaluated through the measurements of the sample weight changes. The dimensional changes of composites at different moisture content uptakes were also measured. It has to be noticed that in the specimen bar (web) the fibers are mainly oriented according to the resin flow while in the flange the fiber orientations are more random. Tensile tests were performed to evaluate the strength of the PLA composites at different levels of moisture contents. The used method was ISO 527 (5 mm/min). The tests measured the stress in the middle of the web. In order to get direct correlation between test samples and water absorption, the specimens were oven dried (50 °C, min 24 h), which was a deviation from the normal procedure where samples are conditioned at least 5 days in 23°C and 50% relative humidity before measurement. The immersed samples were measured immediately after immersion at 1, 7 and 28 days. 
Image-based modelling

X-ray tomography
The multiscale tomography system available at University of Jyväskylä was used to capture tomographic images of the specimen. A cylindrical sample of approximately 2 mm diameter was cut from the middle web of the dry composite dog bone specimen by using a rotary tool. The sample was glued at the top of a sample holder rod and a microtomographic image was acquired using XRadia MicroXCT-400 device with 1.2 µm resolution, 30 kV acceleration voltage and 3 W X-ray power (see also [6] ). Two-dimensional FEM meshes were created from the micro-tomographic images by using the oof2 open source software after segmentation to a binary image with the open source code ImageJ. After the initial discretization in oof2, the FEM meshes were further processed and smoothened to improve mesh quality. The FEM mesh of segmented tomography image in the xy-plane is shown in Figure 1b . The microstructure model contains two material phases, the matrix and the fibers. In [7] the two-phase approach was found suitable enough for calculation of elastic moduli of PLA composites reinforced by birch pulp fibers compared to a more accurate three-phase approach including also the material at the interface between matrix and fibers.
Microstructural FEM analyses
Building up of FEM models, mesh modification steps and post-processing of results were carried out following the methods available within VTT ProperTune TM multiscale modelling toolset (see references in [7] ). The two-dimensional microstructural FEM analysis of representative volume element (RVE) in xy-plane (Figure 1b) was carried out by using Abaqus code for different moisture contents. For details on the FEM modelling of bio-based composite microstructures the reader is referred to [7] where a PLA composite reinforced by birch pulp in dry conditions was studied. The assumption of plane stress state was found appropriate for the biocomposites with short fibers as discussed in [7] . In the same paper, the theoretical details related to the use of 2D RVEs for calculation of elastic modulus and Poisson ratio are discussed.
In the present paper the plane stress elements available in Abaqus were adopted (quadrilateral CPS4 and triangular CPS3). For the elasticity calculations, both matrix and fibers were assumed to be isotropic materials. The elastic moduli of fibers was assumed to be a parabolic function of moisture content starting from the reference value of 24 GPa in dry state. Linear functions used in the previous literature for softwood [8] are not found suitable because of the hemicellulose softening in birch pulp fibers that provides a significant reduction of elastic moduli of PLA reinforced biocomposites during absorption tests. In Table 1 are reported the results obtained by the microstructural analysis of the RVE in the xy-plane. A simplified 2D FEM hygroexpansion analysis of the RVE in xy-plane was carried out to identify the values of the hygroexpansion coefficients suitable for the studied biocomposites. In Abaqus the hygroexpansion was simulated by assigning the moisture change to the whole body and hygroexpansion coefficients to the matrix as well as in the various directions of fibers. A Python script was built to determine the principal direction of fibers as the average of normal vectors of element faces over all elements in the fiber phase. As a simplified approach, this principal direction was assigned to the whole fiber phase as local material orientation in Abaqus analysis. The hygroexpansion coefficient of the biocomposite in direction i is defined as αi = εh,i/ΔMC where ΔMC is the change in the moisture content and εh,i = (L1,i-L0,i)/L0,i where L1,i and L0,i are the final and initial dimensions in that direction, respectively. The literature [9] shows a large range for the values of transversal hygroexpansion coefficients of fibers (0.07 ≤ αT, fiber ≤ 0.30). The values of longitudinal coefficients are around αL,fiber = αT,fiber /20. In the present work αT,fiber = 0.29, αL,fiber = 0.0145 and αPLA = 1E-4 (see [4] ) were found suitable to simulate the hygroexpansion of the studied biocomposites. The microstructural analysis provided a hygroexpansion deformation in the x-direction εh,x,num = 0.008144 that is practically equal to the measured εh,x,meas = 0.008142 after 28 days of water absorption. Figure 1d shows the reached displacement magnitude.
Conclusions and future work
A microscale modelling approach based on X-ray tomography was proposed for the evaluation of material properties of PLA composites reinforced by birch pulp fibers, under the effect of water content. Although only simplified two-dimensional FEM analyses were carried out, the results in terms of elastic moduli and hygroexpansion deformation were found in good agreement with the measurements taken at different levels of water uptake. Future basic research work is needed to develop accurate threedimensional models that will be more suitable for various types of fiber shapes and materials as well as for the fiber-matrix interactions under hygro-thermal effects.
